Molecular dynamics simulations are used to study the flow of methane, ethane, and ethylene through carbon nanotubes at room temperature. The interatomic forces in the simulations are calculated using a classical, reactive, empirical bond-order hydrocarbon potential coupled to Lennard-Jones potentials. The simulations show that the intermolecular and molecule-nanotube interactions strongly affect both dynamic molecular flow and molecular diffusion. For example, molecules with initial hyperthermal velocities slowed to thermal velocities in nanotubes with diameters less than 36 Å. In addition, molecules moving at thermal velocities are predicted to diffuse from areas of high density to areas of low density through the nanotubes. Normalmode molecular thermal diffusion is predicted for methane for nearly all the nanotube diameters considered. In contrast, ethane and ethylene are predicted to diffuse by normal mode, single-file mode, or at a rate that is transitional between normal-mode and single-file diffusion over the time scales considered in the simulations, depending on the diameter of the nanotube. When the nanotube diameters are between 16 and 22 Å, ethane and ethylene are predicted to follow a helical diffusion path that depends on the helical symmetry of the nanotube. The effects of atomic termination at the nanotube opening and pore-pore interactions within a nanotube bundle on the diffusion results are also considered.
I. Introduction
Many research groups have studied carbon nanotubes since they were first synthesized in 1991. 1 Because of their nanometerscale size and hollow, cylindrical shape, they have many potential applications as molecular sieves, nano-test tubes, and hydraulic actuators. Nanotubes have therefore been proposed 2 as promising materials for the production of tailored ultrafiltration membranes (membranes with pores on the order of 1-100 nm). 3 Usually, these membranes are synthesized by only partially sintering a ceramic or by stretching a polymer to create pores with the desired density, size, and shape. 3 A carbon nanotube membrane might be constructed of chemically opened nanotubes [4] [5] [6] that are arranged in a close-packed structure (bundle).
It has been well established that in porous materials diffusive flow is dominant in nanometer-scale pores. 7 Diffusion in such restricted structures is therefore of interest and is expected to be important for numerous applications such as shape selective catalysis 8 and separations. [9] [10] [11] [12] [13] Until recently, 14 technical challenges have prevented the direct study of molecular diffusive flow in materials with nanometer-scale pores. Therefore, numerous computational molecular dynamics (MD) and/or Monte Carlo (MC) studies have been conducted on molecular diffusion in various ideal nanopores 15 and zeolites. [16] [17] [18] [19] [20] [21] [22] Carbon nanotubes are similar to zeolites and other molecular sieves in that they contain nanometer-scale pores. However, this does not necessarily mean a priori that atomic and molecular diffusion in nanotubes will be the same as in zeolites. For example, nanotubes have continuous, smooth walls of uniform composition, whereas zeolites generally have varying diameters and are composed of multiple elements. In addition, variations in the helical arrangement of the carbon atoms along the nanotube axis could influence molecular motion.
Several groups have studied intercalation inside carbon nanotubes. For example, experiments show that numerous compounds and elements with low surface tensions intercalate into opened carbon nanotubes, 23,24 but only into those nanotubes with diameters large enough to accommodate capillary motion. 25 In addition, first principles calculations predict that it is energetically favorable for HF molecules to intercalate into small carbon nanotubes. 26 Several studies [27] [28] [29] have been made of hydrogen adsorption in nanotube bundles, a problem of particular technological importance for applications that rely on stored hydrogen fuel. Also, simulations of the dynamic flow of helium and argon atoms through nanotubes 30 have predicted that the flow slows rapidly at low temperatures and that the heavier argon slows more quickly than the helium atoms. Finally, recent MC simulations have predicted quantum sieving of hydrogen and neon molecules in carbon nanotubes with diameters less than 7 Å. 31 To better understand the movement of polyatomic molecular species through carbon nanotubes, we have modeled the dynamic and diffusive flow of methane, ethane, and ethylene molecules through single-walled carbon nanotubes, where the dynamic flow study is the nanometer-scale analogue of macroscopic-scale fluid flow through pipes. Nanotubes of various diameters and helical structures were considered in the simulations, all of which were performed at 300 K.
II. Computational Details
The computational approach used was classical MD simulations, where Newton's equations of motion are numerically integrated with a third-order Nordsieck predictor corrector integration scheme to track the motion of the atoms with time. [32] [33] [34] A time step of 0.25 fs was used in all the simulations. This limits the results of the study to short time scales (ps to ns). The forces on the atoms were calculated using methods that vary with distance: short-range interactions were calculated using a reactive, empirical bonding-order hydrocarbon potential that realistically describes covalent bonding within both the molecules and the carbon nanotubes. This potential was originally parametrized by Brenner to examine the growth of diamond thin films by chemical vapor deposition. 35 It has also been successfully used to study reactions at surfaces 36, 37 and the structure and mechanical properties of carbon nanotubules. [38] [39] [40] [41] [42] The long-range interactions were characterized with two different Lennard-Jones (LJ) potentials, one that was formulated for the study of liquid n-butane near its boiling point, 43 termed LJ1, and a LJ potential for generic hydrocarbon systems, 22 referred to here as LJ2. The combined expression used to calculate the energy of the system in each case is where U is the binding energy, r ij is the distance between atoms i and j, V r is a pair-additive term that models the interatomic core-core repulsive interactions, and V a is a pairadditive term that models the attractive interactions due to the valence electrons. In addition, B ij is a many-body empirical bond-order term that modulates valence electron densities and depends on atomic coordination and bond angles. Finally, V Vdw is the contribution from the LJ potential and is only nonzero after the short-range covalent potential goes to zero. Figure 1 compares the long-range potential energy between two carbon atoms as calculated with LJ1 and LJ2. The most significant difference occurs in the range 2.0-4.2 Å (the average spacing between molecules in the simulations is 3.9 Å). Complete details for the way in which each V Vdw was evaluated can be found in ref 44 .
During equilibration, 90% of the atoms in the system (molecules and nanotube wall atoms) had a Langevin thermostat 32 applied to them. During dynamic flow simulations, the equilibrated molecules were placed just inside the nanotube opening and given hyperthermal velocities in the direction of the nanotube axis. All the atoms in the nanotube walls, except where noted, were allowed to move in response to applied forces according to Newton's equations and with the additional constraint of applied Langevin frictional forces. Periodic boundary conditions 32 were applied to the nanotubes (and hence also to the molecules inside the nanotubes) in the direction of the nanotube axis, which varied in length between 50 and 54 Å. To model molecular diffusive flow, 80 Å-long, single-walled nanotubes were used where the treatment of the atoms in the nanotube walls was the same as in the case of dynamic flow except that no periodic boundary conditions were used. The opened nanotubes were terminated with either carbon or hydrogen atoms. The molecules of interest were then placed near the opening at one end (some slightly inside the nanotube, some well outside the opening), and the system was allowed to evolve in time with no additional constraints. These starting conditions therefore correspond to an external molecular pressure gradient. We also considered pore-pore correlation effects by examining diffusion through a small close-packed bundle of (10,0) nanotubes. The shortest distance between the nanotube walls in the bundle was 3.4 Å.
III. Results and Discussion

III.
A. Dynamic Flow. The dynamic flow of three different types of moleculessmethane, ethane, and ethylenesthrough single-walled carbon nanotubes with diameters of about 7 Å to 36 Å was considered. The helical symmetry of the nanotubes followed either the armchair form (n,n) or the zigzag form (n,0). 45 Because the potential of interaction between the atoms is conservative, the total energy should be conserved subject to changes in the nonbonding interaction between the nanotube and the molecules. The average velocity of the molecules was determined as follows:
In these equations, V i is the velocity of each individual molecule in the nanotubes, m C is the atomic weight of carbon, m H is the atomic weight of hydrogen, m is the total molecular weight, V C is the velocity of the carbon atoms in each molecule, V H is the velocity of the hydrogen atoms in each molecule, and N is the total number of molecules.
In the dynamic flow studies, the molecules were given only an incidental velocity in the direction of the nanotube axis. However, as the molecules flowed through the nanotubes, the ordered motion was transformed into random thermal vibrational motion as the molecule-nanotube interactions slowed the molecular motion. Because of the relatively high initial velocities, the majority of the molecular kinetic energy was translational. However, as the molecular motion became increasingly randomized, more kinetic energy was transformed into vibrational and rotational motion, with the latter exhibited in small "wagging" motions.
First, the flow of methane through nanotubes of different diameter was considered where the initial velocities of all the molecules inside the nanotubes were the same. The density of methane within the nanotube was 0.353 g/cm 3 (83.3% liquid density at 110 K). 46 Table 1 summarizes the nanotube diameters considered and the results of the simulations for initial hyperthermal velocities of 0.1 Å/fs. The dynamic molecular flow decreased to thermal velocities in a few ps when the nanotube diameters were less than 36 Å. At nanotube diameters of 36 Å, there was little disruption of the dynamic flow and the molecular motion did not slow over the time scales considered. To explain this result, the potential equation of interaction between the molecules and the nanotubes, U m-t , was calculated as follows:
where U m-m is the potential of interaction between molecules inside the tubules, U tot is the total potential energy of the system, and U nanotube is the potential energy of the tubule. 
illustrates how the potential of interaction between the molecules and the nanotubes decreases with increasing diameter of the nanotubes. Comparison of the results in Table 1 and Figure 2 indicates that at smaller nanotube diameters, the interactions between the molecules and the nanotubes were stronger, thus slowing the dynamic flow of the molecules more quickly than in larger nanotubes. The average distance the molecules in the larger nanotubes traveled is longer than the distance traveled in smaller nanotubes. Careful analysis of the simulation results also shows that when the nanotube diameter was less than the cutoff value of 36 Å, the molecules collided more frequently with the nanotube walls. Conversely, the molecule-nanotube interactions were weaker at larger nanotube diameters, so the molecules flowed relatively freely through the nanotube with little change in velocity over time. Finally, the results showed little dependence on the way in which the van der Waals interaction energy was determined. Next, the dynamic flow of methane molecules through a (10,0) tubule with an 8.0 Å diameter at different initial velocities of 0.05, 0.1, 0.3, and 0.5 Å/fs was considered. The simulations used only LJ1, and the results are summarized in Figure 3 . The figure shows that after about 2.0 ps, the velocities of all the molecules were reduced to thermal velocities. At higher dynamic velocities the molecules slowed more rapidly than at lower velocities, all other factors being equal.
The next series of simulations examined the dynamic flow of ethane and ethylene. The densities were 0.408 g/cm 3 for ethane and 0.386 g/cm 3 for ethylene. 47 The hyperthermal dynamic flow velocities, determined using LJ1, slowed to thermal velocities in 1.5 ps for ethylene and 1.3 ps for ethane, both much shorter times than was the case with methane. For initial velocities of 0.05 Å/fs, the dynamic flow slowed more rapidly than when the molecules had an initial velocity of 0.1 Å/fs. When the molecular velocity equaled 0.5 Å/fs, the ethane or ethylene molecules collided frequently with each other or with the nanotube walls and reacted chemically to form new molecules, ions, and fragments. These frequent collisions and reactions slowed the dynamic flow by transferring some of the external molecular translational kinetic energy to internal molecular energy to overcome the barriers to reaction.
The results for dynamic flow at initial velocities of 0.1 and 0.5 Å/fs as a function of molecule type are summarized in Table  2 . The table shows that larger molecules slowed more rapidly than small molecules. This occurred because ethane and ethylene each have greater mass than methane, which leads to stronger nanotube-molecule interactions. This finding agrees with the results of Tuzun et al. 30 for argon and helium flowing through carbon nanotubes, where the heavier argon atoms were predicted to slow more rapidly than the helium atoms. The table also summarizes the finding that dynamic flow at the highest initial velocities of 0.5 Å/fs introduces the possibility of reactive molecular collisions with other molecules or the nanotube walls for ethane and ethylene.
The simulations predict that the molecular density inside the nanotubes can affect dynamic flow. Figure 4 shows the results for different densities of methane flowing through a (10,0) nanotube with a diameter of 8.0 Å. The densities considered were 0.353, 0.302, and 0.250 g/cm 3 . The figure shows that the higher the molecular density, the more rapidly the molecules slowed to thermal velocities. The explanation for this behavior is that as the density increases, the average distance between the molecules becomes smaller and the interactions between the molecules increase, thus slowing down the dynamic flow more rapidly. a The methane has an initial hyperthermal velocity of 0.1 Å/fs in each case. The (5,5) nanotube system has 625 atoms, the (10,0) nanotube system has 700 atoms, the (8, 8) nanotube system has 800 atoms, the (12,12) nanotube system has 875 atoms, the (16,16) nanotube system has 940 atoms, and the (25,25) nanotube system has 1050 atoms. a The methane system has 625 atoms, the ethane system has 1100 atoms, and the ethylene system has 1050 atoms.
Additional simulations were performed to study the flow of methane through 8.0 Å-diameter (10,0) nanotubes that had 10 rigid atoms at each end. The molecular velocity in these partially rigid nanotubes decreased more slowly than in the fully dynamic nanotubes. This occurs because as the nanotube moves, it perturbs the motion of the nearby molecules, thus randomizing their motion more rapidly and resulting in more molecular collisions with the nanotube walls. These findings also agree with the results of Tuzun et al. 30 As the molecules moved through the dynamic nanotubes, the diameter of the nanotubes increased slightly and the nanotubes straightened. This effect became more pronounced at higher molecular velocities.
Simulations similar to those described in this section were performed with LJ2 and the results were only slightly different from the results obtained with LJ1. For the same simulation system, LJ1 slowed the molecular flow about 5% faster than LJ2. However, the trends in all cases were the same. Hence, small differences in the LJ potential do not greatly affect simulation results for dynamic molecular flow because at the high hyperthermal velocities considered, molecule-molecule interactions have less effect than the molecule-nanotube interactions, and at larger distances, LJ1 and LJ2 are nearly the same.
III. B. Diffusive Flow. Preliminary results for the diffusion of methane, ethane, and ethylene through carbon-terminated (10,0) nanotubes (diameter ) 8 Å) ranging in length from 20 to 80 Å are reported in ref 44 . The simulations predicted that the molecules intercalated into the nanotubes and diffused down their length from the areas of high density to the areas of low density. The methane motion followed normal-mode diffusion, which can be expressed as:
where S is the average distance that the molecules move, A is the diffusion coefficient, and t is time. In this diffusion mode, individual molecules can pass each other within the pore. In contrast, ethane and ethylene show diffusion behavior that is intermediate between normal-mode and single-file diffusion in the simulations. In single-file diffusion, individual molecules cannot pass each other because of their large size relative to the pore diameter. Single-file diffusion is therefore expressed as:
where B is the diffusion mobility. These results show good agreement with the simulation results of Keffer et al. 16 for the diffusion in zeolites. Figure 5 shows a log-log plot of the average diffusion distance of these molecules as a function of time, where all the simulations ran for 100 ps. The results indicate that if the molecular structure is spherical, as it is in methane, the diffusion behavior can be clearly distinguished as either normal-mode or single-file mode. Transition-mode diffusion was not predicted for methane because small-angle molecular rotations during diffusion had no effect on the rate at which molecules can pass each other. In nanotubes with diameters that are large enough for the methane molecules to pass each other, such as were considered in this study, methane exhibited normal-mode diffusion.
In contrast, if the molecular shape was highly asymmetrical and could not be treated as a sphere, as with ethane and ethylene, transition-mode diffusion was predicted over the short time scales of this study. This type of diffusion occurred in nanotubes with diameters large enough for the molecules to pass each other if they were all perfectly aligned parallel to the nanotube axis, but not large enough to allow molecules to pass each other if some of them had undergone small-angle rotational motion during diffusion. Thus, as ethane and ethylene diffused, the molecules were able to pass each other some of the time but not during other times. This result highlights the fact that 
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2 ) 2At (4) where C is the diffusion mobility and n is a coefficient that depends on molecular type and pore diameter. The index n reflects the rate at which molecules can pass each other and provides an indication of the small-angle molecular rotation. Table 3 summarizes the effect of nanotube size on the diffusion behavior of ethane and ethylene, using LJ1 for nanotubes with the same helical configuration. From the results it can be seen that as the nanotube diameter increased, the diffusion modes of the larger molecules changed from singlefile to normal-mode. This change occurred because as the size of the nanotube increased, the molecules were able to pass each other more easily. Thus, the nanotube diameters in which ethane and ethylene exhibited transition-mode diffusion varied over a relatively small range from 8.0 Å to 11.0 or 12.7 Å. In the case of the (25, 25) nanotube, with a diameter of 36 Å, diffusion was not observed on the time scales of these classical molecular dynamics simulations. It should be noted that 36 Å is the generally accepted cutoff for changes from diffusive motion to flow through other mechanisms, such as capillary motion. 48 Such motion could be investigated, for example, using a combination of MD and MC, as was done in ref 17 .
From the data shown in Figure 5 , an n value of 0.74 in eq 6 was derived for both ethane and ethylene in (10,0) tubes. As the diameter of the nanotubes increased, n increased, as summarized in Table 4 . The value of n was 0.85 for the (12,0) nanotubes and 0.92 for the (14,0) nanotubes for both ethane and ethylene. Thus, the simulations showed that as the size of the nanotubes increases, the index n increases and molecules can more easily pass one other.
It should be pointed out that MC and MD simulations designed to study diffusion in zeolites over significantly longer time scales [49] [50] [51] found that transition-mode molecular diffusion behavior resolved itself into normal-mode diffusion over time. In addition, MD studies 52 have suggested that when molecules have the ability to pass each other in the nanopore, small changes in the system can have a significant effect on the results, which further complicates the characterization of transition-mode diffusion. Temperature also has been shown to play a role in determining the diffusion mode, 53 where higher temperatures allow molecules that might normally not be able to, to squeeze past one another. Experimentally, no transition-mode diffusion has been observed in zeolites, but different experiments show single-file and normal-mode diffusion for the same system. 50 Thus, it should be recognized that eq 6 is primarily a way to quantify the motion of nonspherical molecules predicted in these simulations, rather than a universal expression.
The effects of nanotube helical symmetry were examined by studying diffusion in similar diameter nanotubes that were either armchair or zigzag type. An example is the diffusion of methane in (14,0) (radius ) 5.56 Å) and (8,8) (radius ) 5.50 Å) nanotubes under otherwise identical conditions. In both cases normal-mode diffusion was predicted. The diffusion coefficients are 1.86 × 10 -4 cm 2 /s for the (14,0) nanotube and 1.78 × 10 -4 cm 2 /s for the (8, 8) nanotube. These coefficients indicate that the helical symmetry of the nanotube has little effect on the diffusion behavior of methane. However, an interesting, previously unreported phenomenon was predicted for ethane and ethylene diffusing in nanotubes with diameters between 16 and 22 Å. In these nanotubes, ethane and ethylene molecules diffused following a spiral path around the circumference of the nanotube. In these cases, the paths followed by the molecules were strongly correlated to the helical structure of the specific nanotubes. For example, in one spiral cycle individual molecules move a longer distance in zigzag tubes than armchair tubes because of the differing helical structure. The driving force for 
a The number in parentheses is the number of atoms in the system. 3.55 × 10
a The listed parameters are for eq 6. The data were obtained from simulations that ran 100 ps for the (10,0) nanotubes and 40 ps for the (12,0) and (14,0) nanotubes.
2 ) 2Ct n (6) this spiral diffusion path was that the interaction energy between ethane or ethylene and the nanotube wall was maximized when the molecules lined up with the carbon-carbon bonds in the nanotube wall. To maintain this high level of interaction energy, the molecules moved forward by aligning with neighboring carbon-carbon bonds within the nanotube wall, which led to the helical path. Some experimental and first-principles evidence exists that similar behavior occurs for I 3 -and I 5 -intercalating in (10, 10) tubes. 54 Further details of this phenomenon will be discussed in a future paper.
The effect of the method used to calculate the van der Waals interactions on diffusion has also been examined. Larger differences in diffusion coefficients were predicted than were seen in the dynamic flow velocities. These differences are summarized in Table 5 . In general, diffusion coefficients or mobilities calculated using LJ1 are about 1.5-2.5 times higher than those calculated using LJ2. These findings are explained by the stronger LJ1 interactions as compared to LJ2 in the interaction regions that are important for diffusion (see Figures  1 and 2) . However, the overall qualitative behavior of the diffusion motion, and the diffusion mode that was followed, was unchanged between the two methods of calculating the van der Waals interactions.
We next considered the effect of atomic termination at the nanotube opening on the diffusion results. Instead of bare carbon at the opening, each edge carbon atom was terminated with a hydrogen atom. The results showed that the nanotube termination had a significant effect on the diffusion for methane. In the limit of low densities of methane (0.110 g cm -3 ), the molecules did not diffuse into the nanotubes during the simulations (100 ps). However, as the methane density increased, the effect of atomic termination on the diffusion results decreased. For example, when the methane density was 0.353 g cm -3 , the diffusion coefficient was about two-thirds of the value for diffusion into carbon-terminated nanotubes. Interestingly, in the case of ethane and ethylene, there was little change in the diffusion behavior between the carbon-terminated and hydrogen-terminated cases, because the smaller methane molecules were more sensitive to the decreased attraction at the opening of the nanotube caused by hydrogen termination. For the larger ethane and ethylene molecules, the hydrogenterminated edges were not as significant as the stronger molecule-nanotube wall interactions.
The last series of simulations considered the effect of porepore correlations on the diffusion results by examining the diffusive flow of methane through a carbon-terminated nanotube bundle, as illustrated in Figure 6 , and a hydrogen-terminated nanotube bundle (not shown). Both these nanotube bundles consisted of (10,0) nanotubes with diameters of 8 Å. The simulations were performed under the same conditions as the studies with single nanotubes discussed above. The simulations show diffusion into the nanotubes but not into the interstitial sites between the nanotubes that are about 4 Å in diameter. This behavior can be explained by examining the interaction energy in these spaces: the energy of a methane molecule inside one of the nanotubes is -0.24 eV/atom, whereas its energy in the interstitial site between the nanotubes is -0.16 eV/atom. However, it is expected that the space between the nanotubes will become larger and that interactions between them will decrease as the nanotube diameters increase. These changes will make molecular intercalation into the channels more energetically favorable.
Compared to the diffusion in a single (10,0) nanotube, the diffusion velocity through the bundle nanotubes was slightly decreased. This decrease occurred because the nanotubenanotube (pore-pore) interactions decreased the moleculenanotube-wall interactions. The diffusion mode for methane was still normal-mode in all the cases considered. The diffusion coefficient was 2.57 × 10 -4 cm 2 /s as calculated with LJ1 and 5.65 × 10 -5 cm 2 /s as calculated with LJ2 for the carbonterminated case. In the hydrogen-terminated case, the diffusion coefficient was 2.14 × 10 -4 cm 2 /s as calculated with LJ1 and 4.85 × 10 -5 cm 2 /s as calculated with LJ2.
IV. Conclusions
Atomistic simulations have been used to study the flow of molecules inside carbon nanotubes at room temperature. During studies of dynamic flow, several factors were predicted to affect the flow velocity over time. The first is the size (diameter) of the nanotubes. As the diameter of the carbon nanotubes decreased, the dynamic flow of the fluid molecules slowed more rapidly. The molecular density was also shown to have an effect. At higher fluid densities, the velocity of the molecules slowed more quickly because of increased interactions between the molecules. Next, the effect of molecular type was considered. Ethane and ethylene molecules slowed more rapidly than methane because they have stronger interactions with the nanotube walls. Finally, the rigidity of the nanotube walls affected the dynamic molecular flow. Completely dynamic (nonrigid) nanotubes slowed fluids more rapidly than partially rigid nanotubes because the dynamic motion of the nanotube walls disturbed the flow of the molecules to a greater extent than the partially rigid nanotube walls. This caused more collisions between the molecules and the nanotube walls. The motion of the molecules also tended to make the nanotubes expand and straighten.
The diffusive flow of methane, ethane, and ethylene molecules through nanotubes was also investigated at room temperature. The hydrogen-terminated edge of the nanotube had a significant effect on methane but almost no effect on ethane and ethylene. Pore-pore correlations caused the diffusion velocities and the coefficients and mobilities to decrease. The size of the nanotubes had a significant effect on the molecular diffusion, with the diffusion mechanism changing as the diameter of the nanotubes increased. At diameters of 36 Å, no diffusion was observed on the short time scales of the MD simulations. The diffusion mode for ethane and ethylene in nanotubes with diameters between about 8 and 12 Å was transitional between single-file and normal-mode diffusion. A model was developed to quantify this behavior. However, other studies in the literature suggest that at longer times these transitional diffusion modes approach normal-mode. In nanotubes with diameters between 16 and 22 Å, ethane and ethylene were predicted to follow a previously unreported helical diffusion path to maximize the energy of interaction between the carbon-carbon molecular bonds and the carbon-carbon bonds in the nanotube walls.
Two methods, denoted as LJ1 and LJ2, were used to calculate the van der Waals interactions among the molecules and between the molecules and the nanotube walls. The differences between these methods had little effect on the dynamic flow of molecules through the nanotubes. However, they played a significant role in the diffusion studies. The diffusion coefficients and mobilities of methane, ethane, and ethylene at room temperature as calculated with LJ1 were about 1.5-2.5 times larger than values calculated with LJ2. This result indicates that for molecular diffusion, the method used to calculate the van der Waals interactions plays an important role in determining diffusion coefficients and mobilities.
